O bstructive sleep apnea (OSA) is an important risk factor for coronary artery disease. 1 Although seldom recognized by clinicians, the prevalence of OSA in patients hospitalized for myocardial infarction (MI) is >60% using an apnea-hypopnea index (AHI) ≥5 events/h, 2 and >40% for an AHI ≥15 events/h. 2, 3 OSA has been reported as an independent risk factor for the development of MI and for sudden cardiac death. 4, 5 OSA may affect cardiovascular risk by several pathophysiological mechanisms, including sleep fragmentation, negative intrathoracic pressure, hypercapnia, and repetitive intermittent hypoxemia. Among these, hypoxemia is thought to be the primary factor in mediating cardiovascular damage. 6 The unique oxygen desaturation pattern seen in OSA produces tissue hypoxemia and re-oxygenation similar to ischemiareperfusion injury. Low oxygen saturation has been associated with impaired endothelial function, 7 sympathetic activation, 8 inflammation, 9 hypercoagulation, 10 oxidative stress, 11 and metabolic disorders, 12 all of which may increase the risk of MI. Clinically, nocturnal oxygen desaturation is independently associated with prevalence of cardiovascular diseases, 13 correlates well with severity of coronary atherosclerosis using invasive coronary angiography, 14 and may be an independent predictor of mortality. 15 Previous large-scale studies found that decreases in nocturnal oxygen saturation 16 and lowest (nadir) nocturnal oxygen saturation (minSaO 2 ) <78%, 5 but not AHI, were independently associated with an increased risk of incident atrial fibrillation and sudden cardiac death, respectively. In a study of MI patients, we reported that minSaO 2 , but not AHI, was independently associated with impaired endothelial function, 7 a marker of cardiovascular risk. 17 Currently, severity of OSA is categorized using AHI, which has been used to predict prognosis in coronary artery disease. 4, 18, 19 To the best of our knowledge, no prior studies have addressed the effect of nocturnal hypoxemia on prognosis after MI. We tested the hypothesis that post-MI patients with OSA have worse long-term prognosis, and examined whether specific measures of OSA severity, such as AHI or hypoxemia, obtained using a fully attended overnight sleep study, would be predictive of risk.
Methods

Study Populations
We conducted a prospective study of patients admitted for newly diagnosed MI at Mayo Clinic, Rochester, Minnesota. The results of baseline assessments have already been published. 7, 20, 21 The diagnosis of MI, made by the attending physician, was defined by the Joint European Society of Cardiology/American College of Cardiology Committee (2000) criteria for "acute, evolving or recent MI." 22 A total of 121 eligible patients were enrolled consecutively ( Figure 1 ). Twenty-three patients were excluded from the final analysis: 1 due to a prior diagnosis of OSA that was managed with continuous positive airway pressure (CPAP), 1 because of a late final diagnosis of pulmonary embolism and not MI before polysomnography (PSG), 7 patients did not complete PSG testing due to technical, logistical, or clinical reasons, 6 had central sleep apnea, and 8 OSA patients used CPAP after PSG.
The final study population consisted of 98 patients who completed overnight PSG within a median of 7 days after MI onset. No patients had acute heart failure at baseline, and only 1 was diagnosed with stable chronic obstructive pulmonary disease. This study was approved by the Mayo Clinic Institutional Review Board, and all patients signed informed consent.
Management of MI
All patients received standard post-MI care at the discretion of the attending clinician at Mayo Clinic. Eight patients did not undergo revascularization (percutaneous coronary intervention or coronary artery bypass grafting) or thrombolysis.
Polysomnography
Detailed PSG methods have been described previously. 7, 20, 21 All patients underwent full-night PSG between 10:00 PM and 6:00 AM. PSG was recorded on an E-Series Comprehensive Networked-Linked Amplifier System for Sleep/EEG (Compumedics Ltd, Abbotsford, Victoria, Australia) or Siesta 802 wireless amplifier/recorder for ambulatory PSG and long-term electroencephalography (Compumedics Ltd). All PSGs were recorded through PSG Online 2 recording software and scored online during data acquisition using Profusion PSG 2 software (Compumedics Ltd). Sleep stages, breathing events, oxygen desaturation, and arousals were scored by an experienced registered PSG technologist. Apneas were defined as a ≥90% decrease of airflow for at least 10 s (as viewed on the thermal airflow channel), and hypopneas were defined by a ≥30% decline in airflow for at least 10 s (as viewed on the nasal pressure channel) accompanied by an oxygen desaturation of ≥4%. Apneas without evidence of respiratory effort were scored as central, while those with respiratory effort were categorized as obstructive. After classification, frequency of disordered breathing events was determined by AHI (mean number of breathing events per hour), and patients with AHI ≥15 events/h were considered to have OSA. However, if >50% of these AHI events were central, then they were classified as central sleep apnea. 23 Severity of hypoxemia was quantified by minSaO 2 , and hypoxemia duration was calculated as the percentage of total sleep time associated with saturation lower than 90% (T90SaO 2 ). 7 The oxygen desaturation index (ODI) was calculated as the number of times the oxygen saturation dropped by ≥4% from baseline, per hour of sleep.
Follow-Up and End Point Definitions
Follow-up contact was made via mail or telephone every 6 months (AE2 weeks) to ascertain vital status and incidence of the outcome variables. In addition, the subjects' Social Security and (for those over 65 years) Medicare numbers were obtained to assist with determining vital status of subjects who were lost to follow-up using the state health department, National Death Index, and Social Security Administration records. The primary composite end points were major adverse cardiac events (MACE), 24 including all-cause mortality, re-admission for recurrent nonfatal MI, hospitalized unstable angina leading to revascularization or not, hospitalized heart failure, stroke, and significant arrhythmic events (sustained ventricular tachycardia, ventricular fibrillation, or asystole). The diagnosis of unstable angina was based on new onset, worsening, or resting angina associated with evidence of STsegment elevation or depression without evidence of myocardial necrosis. Significant arrhythmias were detected and documented by emergency medical services, in the hospital, or by internal cardioverter defibrillators.
Patients with an AHI ≥5 events/h were advised to seek formal clinical assessment. When CPAP therapy was subsequently initiated by the treating physicians, these patients were followed up including obtaining basic usage data from devices.
Statistical Analysis
All 98 patients included in the final analysis were divided into OSA and non-OSA groups. Shapiro-Wilk test was used to assess continuous variables for normality. Because normal distribution was not seen in every subgroup, except for age, Wilcoxon tests were used for comparison for all continuous variables, while Pearson's v 2 tests were used for all dichotomous variables. Continuous variables were described as medians with interquartile range, whereas dichotomous variables were described as frequency and percentage.
To minimize the influence of potential benefit of CPAP for post-MI patients, CPAP users after PSG testing were not included in the follow-up analysis. Survival was calculated by the Kaplan-Meier product limit method as the time from the initial sleep study to MACE, with data censored at the time of the last available follow-up. The log-rank test was used to assess difference. Multivariable Cox proportional hazards models were applied for further investigation of independent risk factors of end points, adjusting for age, left ventricular ejection fraction, diabetes mellitus, ODI, and arousal index. The appropriateness of the proportional hazards assumption was examined using graphical methods and tested by the method of Grambsch and Therneau 25 using STATA 12 (Stata Corp, College Station, TX). Proportional hazard assumptions were violated in 3 of the 4 models. Covariates that failed the assumption were modeled with a hazard for the first 15 months and ≥15 months, with 2 separate hazard functions to reflect their relationship with the outcome of interest. Analyses were performed using JMP, version 10 (SAS Institute, Cary, NC), and a P<0.05 was considered statistically significant.
Results
Forty patients (41%) of the 98 included in the follow-up analysis had OSA. Baseline characteristics based on the presence or absence of OSA are shown in Table 1 . Patients with OSA were older, had a higher incidence of diabetes mellitus, and lower left ventricular ejection fraction. As expected, patients with OSA exhibited lower minSaO 2 , higher T90SaO 2 , greater ODI, and more frequent arousals during sleep, compared to non-OSA patients. Thirty-three patients had MACE, including 1 death from esophageal cancer and 1 death from leukemia. Reinfarction was the most frequent MACE, occurring in 12 patients (12.2%), followed by hospitalization for heart failure (n=9 [9.2%]) and hospitalization for unstable angina (n=7 [7.1%] (Table 2) , while diabetes mellitus was significant in an unadjusted model, and left ventricular ejection fraction was found to be a significant independent risk factor in all models. The independent prognostic value of minSaO 2 in the ≥15-month period alone remains consistently strong even if AHI and the aforementioned variables were adjusted for (minSaO 2 model 2: HR=6.05, 95% CI 1.80-20.36, P=0.004).
Discussion
This prospective study shows that the presence of OSA predicts the incidence of MACE in post-MI patients in univariate analysis and that nocturnal hypoxemia is an independent prognostic marker in this patient population. To the best of our knowledge, this is the first prospective study investigating the prognostic value of the severity of OSA, as measured by indices of hypoxemia, in post-MI patients. Our data are consistent with previous findings that OSA may increase the risk of adverse events after MI. 4, 19 As the conventionally accepted standard to diagnose OSA, AHI is commonly used to predict outcomes related to the diagnosis. 4, 18, 19, 26 Because hypoxemia may be the physiological consequence triggering most of the adverse effects caused by breathing events, 6 indices of hypoxemia, such as minSaO 2 and T90SaO 2 , could provide a better prognostic marker in this cohort.
As to the prognostic implications of hypoxemia, our results are consistent with previous studies examining the relationship between sleep measures and cardiac prognosis in non-MI patients. In a retrospective study of 3542 subjects, the degree of nocturnal oxygen desaturation was independently associated with onset of atrial fibrillation, 16 and in a study of 10 701
adults, nadir nocturnal oxygen saturation (<78%) was an independent risk factor for sudden cardiac death, 5 while AHI was not identified as an independent predictor risk for incident atrial fibrillation or sudden cardiac death. Punjabi and colleagues showed that desaturation in the range of 4.0% to 4.9% was associated with prevalent cardiovascular disease, but the association between prevalent cardiovascular disease and oxygen desaturation <4% was not significant. 13 Despite the high prevalence of OSA in patients after MI, it may not be economical or logistically feasible to obtain sleep studies in all these patients. Due to the prognostic value of nocturnal hypoxemia, overnight oximetry would potentially be a more cost-effective widely applicable screening tool, with repeated oximetry during follow-up easily measured to observe progression of OSA.
Although nocturnal hypoxemia from OSA predicts poor outcome, it is unknown whether patients with MI benefit from oxygen therapy. Breathing events and sleep fragmentation still occur in spite of the elevated oxygen saturation. 27 Concerns regarding lengthened apnea duration and risk of hypercapnia have been raised. 28, 29 Gottlieb and colleagues report that CPAP, rather than oxygen therapy, may reduce blood pressure in OSA patients, although patients with AHI >50 events/h or long duration of severe nocturnal hypoxemia (SaO 2 <85% for >10% of sleep) were excluded from the study. 30 On the other hand, it has been shown that sleepdisordered breathing is common in patients with precapillary pulmonary hypertension, 31 and nocturnal oxygen therapy seems to have a positive effect on prognostic markers and may improve outcomes in this patient population. 32 Therefore, considering that CPAP may be intolerable for some patients with OSA, oxygen therapy may be an alternative therapeutic strategy to reduce severe hypoxemia and consequent target organ damage, although it may be prudent to consider oxygenating patients with persistently low oxygen saturation (<88%) after CPAP, 33 or hypoxemia without apneic events.
Despite our limited sample of CPAP users, our findings are consistent with a previous study showing that CPAP therapy may reduce the risk of recurrent MI and revascularization in OSA patients after MI. 4 A potential cardioprotective role of intermittent ischemia from recurrent episodes of apneas during MI via preconditioning has been described. 34 Although reduced myocardial injury verified by cardiac enzyme levels after MI in patients with OSA has been reported, untreated OSA may increase the risk of MI and recurrence of MI. 4 Although survival advantage from even moderately elevated AHI has been seen in several cohorts, especially in older patients, 35 this may be due to ascertainment bias. However, given the paucity of data on this subject, further investigation testing the hypothesis that severe desaturation and reoxygenation can be protective for post-MI patients is needed. Strengths of the current study include first, its prospective design. Second is the use of comprehensive, overnight PSG to detect the presence and severity of OSA and hypoxemia by technologists blinded to the follow-up. Nevertheless, this study has limitations. First, because of the small sample size, we could only address a limited number of clinically relevant variables, which may decrease the generalizability of the prognostic value of nocturnal hypoxemia and OSA. Second, CPAP users were not included in survival analysis and multivariable Cox proportional hazards model because of the limited number of cases. Therefore, prognostic indices such as AHI, nocturnal hypoxemia, or other clinical factors could not be determined in this subgroup. Our data suggest a marked reduction in MACE in those patients receiving CPAP. However, whether CPAP therapy can improve long-term prognosis in post-MI patients with OSA is still to be determined. Third, it is possible that the prevalence and severity of OSA may change in the months to years following an MI. 36 Hence, data acquired 7 days after a MI may not be representative of the severity of OSA for all patients over the subsequent 48 months. However, this does not contradict our finding that OSA-induced hypoxemia, measured early after MI, is an important predictor of MACE over 4 years of follow-up. Furthermore, it is possible that serial observation by oximetry may provide further information on cardiovascular risk.
Conclusions
In stable patients after MI, untreated OSA is associated with increased risk of adverse events, and nocturnal hypoxemia is an independent predictor of MACE. Despite the high prevalence of OSA in patients with MI, it may not be feasible to conduct full-attended PSGs routinely. Overnight oximetry may be a more practical cost-effective alternative approach to stratify risk of MACE after MI, and to identify those who warrant a full sleep study and who may potentially benefit from intervention.
